Superconducting tunnel junctions (STJ)' have now reached a state of maturity where small arrays have for the first time been used in practical applications in ground based astronomy. Future generations of devices are now under construction to enhance the current capability. For example larger format arrays, higher readout speeds, and improved spectral resolution are all issues being addressed. In this paper we present specifically the performance at ultraviolet wavelengths from 100-500 nm of the current generation of STJ arrays based on tantalum. Recent results on such tantalum based photon counting superconducting tunnel junctions (STJ) which are now suitable for use as broad-band low resolution spectrometers for ultraviolet astronomy are presented. These STJs, operated at a temperature of -.0.3 K, have demonstrated a limiting resolution of -8 nm at 200 nm. These devices can be designed to be extremely linear in response with photon energy while measuring the individual photon wavelength and arrival time. The quantum efficiency for single photons is over -50% at -200 nm. Such an STJ has been packaged into a small prototype 6x6 array and shown to have good uniformity of response across all pixels. Larger arrays are under development which could contribute significantly to many fields of ultraviolet astronomy being able to provide efficiently and simultaneously the broad band spectrum and photon arrival time history of every single object in the field over a very wide dynamic range. With lower energy gap superconducting materials the resolution should become higher and possibly for hafnium based devices as high as 1 nm at 200 nm. If such devices can be developed then imaging spectrometers which can simultaneously record the image and spectra of objects in a large field and therefore provide an object's red-shift may become a reality.
INTRODUCTION
A variety of astronomical observations at ultraviolet wavelengths require an efficient detector covering a wide wavelength range from the Lyman limit to the optical which can simultaneously provide the wavelength, time of arrival and location of every single photon falling upon the detector from the widest possible field. A detector which possesses the ability to measure the wavelength of individual optical photons has not previously existed.
A superconductor is theoretically capable of detecting individual UV photons and also measuring the photon energy 1,2• This ability simply arises from the very small energy gap i, oforder meV, in a superconductor between the ground state, as represented by the bound Cooper electron pairs, and the first excited state, containing broken Cooper pairs. The experimental demonstration of photon counting at optical wavelengths, by Peacock et al. 35 and Verhoeve et al.6, has clearly shown the validity of this concept in niobium and tantalum.
In this paper we report on the development of superconducting tunnel junctions for use in ultraviolet astronomy. The wavelength resolution of these detectors may well provide a conthbution in fields as diverse as fast spectro-photometry to deep field imaging. Indeed since these detectors have been packaged into arrays their existing performance may already be such that they could allow the simultaneous measurement of broad band low resolution spectra of very faint extragalactic * correspondence: email: pverhoev@estec.esa.nl; tel. 0031-71-5655909; fax: 0031-71-5654690
Part of the SPIE Conference on Ultraviolet and X-Ray Detection, Spectroscopy, and Polarimetry Ill sources to be obtained for all objects in the field. Such spectra containing emission line complexes or continuum absorption features (the Lyman edge) in very faint extragalactic objects may allow the direct determination of red shifts .
THE STJ PRINCIPLE OF OPERATION
The absorption of a photon of wavelength X(nm) in a superconductor is followed by a series of fast processes in which the photon energy is converted into a population of free charge carriers known as quasiparticles in excess of any thermal population. For typical transition metal superconductors this conversion process is of order of a few nanoseconds 8 At sufficiently low temperatures (typically about an order of magnitude lower than the superconductor's critical temperature T) the number density of thermal carriers is very small and the number of excess carriers N0 created as a result of the absorption of a photon of wavelength X is inversely proportional to the photon wavelength. In general N0 can be written:
Here the wavelength is in urn and the energy gap i is in meV. Thus in a tantalum superconductor at a temperature well below the critical temperature, T 4.5 K and 1Ta 0.664 meV, the initial number of free charge carriers N0 (A) created by the photoabsorption of an ultraviolet photon is of order -5 iO for a photon with A 200 nm
The quasiparticles produced after photoabsorption in a superconducting thin film can be detected by applying a d.c. potential across two such films separated by a thin insulating barrier; forming a superconducting tunnel junction (STJ). This potential favours the transfer of quasiparticles from one film to the other through quantum-mechanical tunneling across the barrier.
The detector signal is therefore represented by the current developed by this tunnel process. The situation is shown schematically in Figure 1 . The superconducting films are deposited on a highly polished substrate which for optical and ultraviolet applications is sapphire but could be magnesium fluoride if a shorter wavelength response below the sapphire cutoff of 145 am down to 1 15 nm is required. Illumination of the device is through this substrate onto a high quality epitaxial film. While front illumination is possible for single devices it is not favoured for large format arrays where the top surface is coated with a dielectric necessary to insulate the large amount of top wiring (see section 6). Note a magnetic field also has to be continuously applied in the plane of the barrier to suppress the Josephson current After initial tunneling, a quasiparticle can tunnel back, therefore contributing many times to the overall signal .On average each quasiparticle will contribute <n> times to the signal. Hence the number of effective charge carriers N which appear to have been created is N = <n> N0 . The initial fluctuation in the number of charge carriers created in the photoabsorption process combined with the tunnel noise ,associated with the multiple tunnelling of charge carriers across the barrier, leads to an overall limiting resolution for a perfectly symmethcal junction of the form 104:
Here the Fano factor F can be assumed to be -O.22, considered typical of many of the transition metal elemental superconductors such as tantalum 8•Thus for a tantalum based STJ the tunnel limiting resolution for the case when <n> -* co is 7 nm for X 200nm
THE DETECTOR RESOLUTION
At least two other components due to the readout noise of the analogue electronics (dAE) and spatial non-uniformities (d?s), must also be added in quadrature reducing somewhat the resolving power. Figure 2 illustrates the experimentally determined device limited resolution (obtained after subtraction of the electronic noise) at ultraviolet wavelengths for devices based on niobium and tantalum. The theoretical limiting resolution based on equation 2 is also indicated both for these materials as well as for lower energy gap materials such as molybdenum and hafnium currently under development. Clearly good agreement between the theoretical tunnel limited resolution and the experimentally determined device limited resolution is observed. At 200 nm the theoretical tunnel limited resolution for a device based on molybdenum or hafnium is only 2 and 1 urn respectively compared to 7 nm for tantalum. Figure 3 illustrates the typical charge spectra obtained for a tantalum STJ when back illuminated with ultraviolet radiation with X 400 (a) and 250 nm (b). For each wavelength the main peak spectrum is quite symmetrical. The pulser peak in this figure refers to an electronic stimulation of the preamplifier used to determine noise contribution. Photon Wavelength A (nm)
THE DETECTOR EFFICIENCY
Theoretically the tantalum STJ has a remarkable efficiency to the absorption of photons at ultraviolet wavelengths. Figure  4 (a) (inset) illustrates schematically the principal sources of photon loss for the case of a tantalum based device deposited on a sapphire substrate. For A > 145 nm the most significant factor effecting the detector efficiency is the reflection of photons from the vacuumsapphire (Rs) and sapphire-tantalum (RTL) interfaces in the back-illuminated mode. Figure 4 shows the total detection efficiency, resulting from reflections, including multiple reflections, at both these interfaces, and absorptions. These data are based on the optical constants for sapphire and tantalum from Palik and Weaver et a!. 12 The absorption (A,) of the Wsv.I.ngth (nm) photon flux through the 0.5 mm thick R-plane sapphire is dramatic at short wavelengths (A < 140 nm). These effects therefore limit the overall detection efficiency of the device. Note nearly all the photons entering the base epitaxial tantalum film will be absorbed. Figure 5 shows the measured ultraviolet efficiency for such a tantalum device deposited on sapphire. While a detector efficiency predicted theoretically to be over 50 % from 200 < A < 700 nm, peaking at -75 % at Xj -550 nm, is more than adequate for ground-based astronomical applications, the UV response is inadequate due to the cut-off of the sapphire substrate at 145 nm. An alternative for a space based telescope taking advantage of the UV response, would be to replace the sapphire substrate with one of magnesium fluoride. Figure 4 (b) illustrates the system reflectivity (vacuumMgF2 and MgF2 -tantalum including multiple reflections) together with the predicted detector efficiency assuming a 0.5 mm thick MgF2 substrate. The short wavelength response has now been extended down to the cut-off of the MgF2 (-115 nm) while the long wavelength optical response is largely unchanged.
DEVICE SPEED
As a photon counter the STJ is extremely fast and currently limited not by the intrinsic time resolution of the device but rather the speed of the signal processing electronics. Currently rates as high a 5 kHz per device can be achieved. The limiting temporal response of current tantalum based devices is typically a few microseconds. This response is governed by the effective tunnel time which itself is dependent on the thickness of the films and the tunnel barrier conductance, and by the loss processes in the junction. It should be noted that due to the modest spectral resolution of tantalum devices the first astronomical uses at optical wavelengths of a 6x6 tantalum STJ array focussed on rapid photometry applications such as the 33 ms Crab pulsar where each photon was time tagged with an accuracy of 5 j.is 13•
DEVELOPMENT OF ARRAYS
A number of approaches can be considered to ensure an adequate field coverage for such UV detectors. The first and simplest is to package individual devices into a close packed nxm pixel array as shown in figure 6(a). This approach was used for the first astronomical application of STJs ' Of course the drawback to this approach is that each individual junction has its own wiring and signal processing electronics. A second approach -the matrix readout, connects the base film of all devices in an array from the same row and the top films from the same column as shown in figure 6(b). Eventsare then readout using a coincidence technique between signals from the base and the top films. Such an approach reduces the amount of wiring for individual devices and the signal processing chains to only m+n 14 :j Figure 7 : The responsivity of the 6x6 Ta based array when illuminated by 300 nm radiation. The variation over all pixels is < 59
An alternative approach to ensure a large field coverage is also under study. Here the ultraviolet photons are not absorbed directly by a junction but rather are absorbed in a 100 nm thick epitaxial tantalum film. The quasiparticles are detected as they diffuse away from the photoabsorption site by four tantalum based junctions placed at the corners of the absorber. The photons energy is simply the sum of all coincident signals from the four junctions while the position depends on their ratio. Figure 8 illustrates the case in one dimension. Here (Figure 8(a) ) the coincident signals from two 50 MTh junctions deposited at the ends of a 400 j.im tantalum bar are shown when the bar was uniformly illuminated with 300 nm photons. 
CONCLUSION
In conclusion the STJ has now been developed to a stage where practical applications using small format arrays can be considered at ultraviolet wavelengths. Already at optical wavelengths such arrays are now being used by ground based astronomers. Future developments will increase the format of tantalum based arrays from the current generation under development of up to 50x16 pixels to even larger format of iO pixels. At device level the spectral resolution should improve towards a goal of -1 nm at 200 nm through the introduction of lower energy gap materials. 
